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A chiral ditopic crow n ether functionalized oligo(p-phenylenevinylene), C O PV , has been 
synthesized and  fully characterized. The binding properties and  the organization  o f C O PV  have 
been studied in solution and  in the solid state. In  chloroform , due to  the benzo-15-crown-5 
moieties, C O PV  is able to  bind cations. In  case o f K+ a strong 2 : 2 complex is form ed in which 
two CO PV s are sandw iched between two potassium  ions. Na+ is bound  following a  two-step 
negative cooperative process to  form  a 2 : 1 N a+/C O PV  complex. W hen C O PV  in the presence of 
potassium  ions is drop-cast on a silicon substrate, fibers are form ed. In  w ater C O PV  form s 
stable helical aggregates as can be concluded from  the C o tton  effect, the UV-vis and  fluorescence 
spectroscopy. A F M  and  light scattering studies show th a t ellipsoidal aggregates are present 
in water.
Introduction
Self-assembly of p-conjugated systems is an  attractive 
approach  to  tune the m orphology in plastic electronic devices 
and  to  construct functional nanosized objects suitable for 
supram olecular electronics.1 F o r these purposes, p-conjugated 
systems are required th a t contain units th a t are program m ed 
to self-assemble w ith nanom etric organizational precision.2 An 
interesting class o f self-assembling units are crow n ether 
moieties since they bind cations3 and  show amphiphilic 
behaviour when connected to  aliphatic tails4 enabling the 
tuning of self-assembly processes by solvent and  additives. 
C row n ether functionalized p-conjugated polym ers,5 oligo- 
m ers6 and  dyes7 have already been reported, however, in m ost 
cases w ith the aim  to construct sensor m aterials8 rather than 
tuning self-assembly.9-11
H ere, we report the synthesis o f a  chiral ditopic crow n ether 
functionalized OPV  (CO PV , Scheme 1), and  show th a t self­
assembly can be tuned by solvent and  additives yielding 
dimers, spheres and  fibers. C O PV  consists o f a hydrophobic 
OPV trim eric core w ith chiral aliphatic side chains and  end- 
capped w ith hydrophilic benzo-15-crown-5 groups. C O PV  can 
be regarded as a ditopic (bola)am phiphile th a t m ay aggregate 
in w ater.12 M ore interestingly, benzo-15-crown-5 derivatives 
are able form  a 1 : 1 complex w ith sodium  and  a sandwich 
structure w ith potassium  cations13 and  therefore the stacking 
of the OPV moieties can possibly be tuned.
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Results and discussion
Synthesis
C O PV  (Scheme 1) was synthesized from  4-chlorom ethylbenzo- 
15-crown-5 1 w hich was converted into 2 by a M ichaelis- 
A rbuzov reaction w ith triethyl phosphite. A fter W ittig -H orner 
coupling o f 2 w ith 3, C O PV  was isolated and  fully 
characterized by 1H  N M R , 13C N M R , IR  spectrom etry, 
M A L D I-T O F m ass spectrom etry (Fig. 1), and  elemental 
analysis. C O PV  is highly soluble in organic solvents such as 
te trahydrofuran  (TH F), chloroform , dichlorom ethane and 
m ethanol. The UV-vis spectrum  o f C O PV  in chloroform  
shows a  b road  absorp tion  p -p*  band  a t l max = 453 nm  while 
the fluorescence m axim um  is positioned a t l max = 518 nm 
(Fig. 1). The absorp tion  and  fluorescence m axim a are typical 
for a  m olecularly dissolved OPV pen tam er.12 C D  spectra 
reveal no C o tton  effect, supporting th a t C O PV  is m olecularly 
dissolved in chloroform .
Binding of C O PV  to Na+ and K+ in chloroform
W e have investigated the binding properties o f C O PV  tow ard 
Na+ and  K+ in chloroform  by UV-vis, circular dichroism  
(CD), fluorescence spectroscopy and  electrospray ionisation 
m ass spectrom etry (ESI-MS).
ESI-M S is a soft ionization technique ideally suited to  the 
characterization o f noncovalent complexes.6“-4,14 The ESI 
m ass spectrum  of a 1 : 2 m ixture o f C O PV  and  N aPF6 
recorded under m ild conditions (Fig. 2) displayed the m ost 
intense peak a t m /z  = 714.5.15 This double charged peak points 
to  a 2 : 1 [2N a+-CO PV ] complex in which sodium  ions are 
bound  in the crow n ether moieties o f C O PV . I t  should be 
noted  th a t also m inor peaks a t m /z  = 1406.84 are detected 
indicating 2 : 2 and  1 : 1 complexes o f Na+ and  COPV. In  the 
case o f K P F 6, the m ost intense peak is found  a t m /z  = 1421.8 
(Fig. 2). This double charged peak can be assigned to  a  2 : 2
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Scheme 1 Reaction scheme for COPV. Reagents and conditions: a) P(OEt)3, 12 h, 160 °C, yield 99%; b) DMF-THF, 3, KOC(CH3)3, 12 h, 
yield 12%.
Fig. 1 (a) Normalized absorption (—) and fluorescence (----) spectra
(2ex = 453 nm) of COPV at 20 °C in chloroform. (b) MALDI-TOF 
spectrum of COPV (inset: expansion of the most intense peak).
Fig. 2 ESI-mass spectra of COPV in the presence of NaPF6 (a) and 
KPF6 (b). Insets: expansion of the most intense peaks.
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complex [(C O PV -K +)2] and  indicates a  sandwich structure. 
Low intensity peaks are found a t m /z = 959.3 and  730.4 which 
can be attribu ted  to  2 : 3 and  1 : 2 complexes, respectively. The 
sandwich structure is extremely stable since the double charged 
species is still visible w ith a  collision voltage o f Vc = 50 V .6b 
O ur m ass data  nicely show th a t C O PV  is able to bind K+ and  
Na+ in w hich the stoichiom etry is determ ined by the size of 
the cation.
The ca tion -C O P V  complexes in chloroform  were further 
investigated by fluorescence spectroscopy (Fig. 3). U pon  
addition  of N aP F 6, the fluorescence of C O PV  slightly reduces 
while the emission m axim um  shifts from  l max = 518 nm  to 
1max = 525 nm. A fter addition  of one equivalent o f Na+, 
the emission m axim um  rem ains a t l max = 525 nm  while the 
intensity increases only slightly. A dding a large excess o f 
Na+ did no t alter the emission spectra. D uring the titra tion  
the UV-vis spectrum  did no t change and  no C D  effect was 
observed. These da ta  reveal th a t binding o f sodium  cations has 
a  m arginal effect on the optical properties, a  result th a t has 
been observed earlier for crow n ether-appended dyes.11 W hen 
the fluorescence intensity a t l  = 518 nm  is p lo tted  versus the 
N a+/C O PV  ratio  one can observe th a t the binding occurs in 
two steps (Fig. 3). The binding could be analyzed w ith a 1 : 2
binding m odel resulting in tw o association constants, 
K 1 = 1.5 x 107 M —1 and  K2 = 2.5 x 105 M —1 and  an  overall 
association constan t Ka = 3.8 x 1012 M —2.16 The binding 
energies are: AG1 = —39.2 kJ m ol_1, AG2 = —32.5 k J m o l_1. 
The binding constants are high in com parison w ith binding 
constants previously reported  for sodium  bound  by benzo-15- 
crown-5 derivatives.17 The difference between binding o f the 
first and  the second sodium  cations is AAG = 6.7 kJ m ol—1.18 
The in teraction  param eter a = 4K2/K 1 = 0.07 is lower than  1, 
w hich is the expected value for tw o identical binding sites,16,18 
revealing a strong negative cooperative binding process. 
This effect is possibly due to  electrostatic repulsion thereby 
weakening the binding o f the second sodium  cation .13 Similar 
negative cooperativity  behaviour has been reported  earlier 
for rigid bis-benzo-15-crown-5 ditopic host binding to  sodium 
(a = 0.01-0.4 depending on substituent).19,20
The addition  o f K P F 6 to  C O PV  (7.1 x 10—7 M —1) shows 
different behavior. The fluorescence intensity (Fig. 3) is 
m ore significantly quenched and  the emission m axim um  
is red-shifted by 16 nm  to  l max = 534 nm  w ith a shoulder 
a t 1max = 573 nm. Furtherm ore an  isobestic po in t is visible at 
l  = 568 nm  (Fig. 3). Fluorescence quenching and  the shift to 
longer wavelength are typical for stacked OPVs (vide infra,
Fig. 3 Emission spectra of COPV (1ex = 453 nm) in chloroform (4.4 x 10 6 mol l ') upon adding NaPF6 (a) and KPF6 (c), and the change in 
emission intensity at l  = 518 nm as a function of the ratio Na+/COPV (b) and K+/COPV (d).
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assembly o f C O PV  in w ater) although the changes are sm all.12 
R em arkably, during the titra tion  the UV-vis spectrum  hardly 
changes and no C D  effect is observed. W hen the intensity 
change o f the fluorescence spectra a t l  = 518 nm  is plotted 
versus the K +/C O PV  ratio , an inflection po in t is observed after 
addition  o f one equivalent o f potassium  (Fig. 3). The binding 
isotherm  could be analyzed w ith a 2 : 2 binding m odel21 
resulting in K F = 3 x 1018 M _3 for the form ation  o f a 2 : 2 
complex and a KB = 4 x 102 M _1 for breaking up the 2 : 2 
complex to  form  a 1 : 2 complex. The binding constant is 
com parable to th a t found for 2 : 2 com plexation between K+ 
and a ditopic crow n ether-appended m etalloporphyrin .11 
A ssum ing th a t C O PV  has two independent binding sites, this 
gives for the association between one potassium  ion and one 
binding site Ka = 105 M _1. In  the absence o f reliable da ta  for 
the non-cooperative 1 : 1 com plexation o f benzo-15-crown-5 
ethers to  K P F 6 (due to  their strong tendency to  form  
sandwich complexes), it is no t possible for us to  estim ate the 
reference constant for interm olecular process (K inter) for this 
system, and hence the intram olecular binding constant (K intra) 
cannot be independently determ ined either.22 The effective 
m olarity (EM ), which is a m easure for the chelate effect 
and  is usually defined as EM  = Kintra/Kinter,22,23 however, can 
be estim ated from  the m easured K B value, using the relation 
Kb = 16/(EM aL2).24 A ssum ing th a t the cooperativity factor 
o f the ligand (aL) equals 1 for K+, we obtain  EM  = 0.04 M. 
We can therefore safely conclude th a t the dom inating 
species in solution under the conditions used here (< 1 0 _6 M), 
is the cyclic 2 : 2 complex, as the acyclic 2 : 2 complex (and 
related oligomers) will n o t appear until the concentration 
o f binding sites equals or exceeds the EM  (0.04 M ).22 
A dditionally, the concentration necessary to  break up 50% 
o f the 2 : 2 complex by dilution, i.e. the c50 value, is a round 
3 x 10"7 M .21
W e have also studied the m orphology o f drop-cast solutions 
on silicon oxide surfaces o f C O PV  in chloroform  (7.1 x 
1027 M 21) in the absence and presence o f sodium  and 
potassium  by tapping m ode atom ic force microscopy 
(TM -A FM ). In  the case o f chloroform  solutions o f C O PV  
ill-defined objects were form ed and the addition  o f sodium 
ions did no t have any effect. However, in the presence o f excess 
potassium , elongated structures are observed (Fig. 4). The 
smallest fiber structures are abou t 2 nm  in height, 15 nm  wide
Fig. 4 TM-AFM images. Height (a) and amplitude (b) image (1.5 mm 
by 1.5 mm, z-scale 5 nm) of COPV (0.7 x 10—6 M in chloroform) with 
40 equivalents of KPF6 on a silicon wafer.
and are m icrom eters long. The height corresponds to  the 
height o f C O PV , suggesting th a t the fibers are com posed of 
C O PV s held together by potassium  cations.
Self-assembly in water
Previously we have found th a t OPVs equipped w ith ethylene 
oxides12 are able to form  vesicles in water. Because o f the 
great similarity between C O PV  and those previously reported  
OPVs, we have investigated the self-assembly o f C O PV  in 
water. In  com parison w ith chloroform  solutions, the UV-vis 
absorption  m axim um  in w ater is blue shifted to  lmax =  435 nm  
with the appearance o f a vibronic shoulder a t 480 nm  (Fig. 5). 
The fluorescence intensity (Fig. 5) is strongly quenched in 
w ater and red-shifted to  l max = 543 and 583 nm. The absorp­
tion and fluorescence d a ta  show th a t the O PV  oligomers are 
aggregated. A  bisignate C o tton  effect25 (Fig. 5) was observed 
for C O PV  in w ater a t the p-p*  band  w ith a negative C otton  
effect a t l max = 406 nm  (gabs = 1 . 1  x 10—2) and a positive 
C o tton  effect a t l max = 467 nm  (gabs = 1 . 4  x 10—2). C om pared 
to  the OPVs end capped w ith ethylene oxide tails12 these values 
are one order o f m agnitude higher, indicating the form ation o f 
stronger exciton coupled aggregates. The zero-crossing o f the 
C D  signal ( l  = 429 nm ) lies close to the absorp tion  m axim um  
o f the chrom ophore ( lmax = 435 nm). The observations in CD 
originate from  the exciton coupling o f neighbouring C O PV  
molecules. T em perature dependent m easurem ents did no t 
affect the UV-vis, fluorescence and C D  spectra. R em arkably 
adding potassium  and  sodium  ions hardly had  an effect on 
the supram olecular assembly, indicating th a t the ions are 
presum ably no t bound  to C O PV  in water.
wavelength (nm)
Fig. 5 Optical properties of COPV (1.6 x 10—5 M) in water at 
room temperature as studied with UV-vis, fluorescence (lex =  453 nm) 
and CD spectroscopy.
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Fig. 6 (a) Normalized static light scattering at 21 °C with a fit 
to ellipsoidal aggregates of a COPV solution (50 mM in filtered 
Milli-Q water). (b) A height profile and (c) a TM-AFM height image
(2 mm by 2 mm) of COPV (3.18 
silicon wafer.
x 10 M in water) drop-cast on a
To elucidate the shape o f the assemblies light scattering and 
A FM  studies were perform ed. The data  obtained by static 
light scattering could be fitted by assum ing ellipsoidal 
aggregates26 (Fig. 6), having average radii o f r1 #  85 and 
r2 = r3 #  350 nm. These dim ensions were confirm ed by angle 
dependent dynam ic light scattering. T M -A FM  reveals th a t flat 
objects are form ed on the surface having diam eters varying 
between 100 and  300 nm  and  a height o f 8 nm. The height 
corresponds to  twice the length o f C O P V  and  could indicate 
th a t single walled ellipsoids are form ed th a t collapse on a 
silicon w afer yielding a bilayer structure .12
Conclusions
A chiral ditopic crow n ether functionalised oligo(p-phenylene- 
vinylene), C O PV , has been synthesized and  fully characterized 
and  we have shown th a t its self-assembly can be tuned by 
choice of the solvent and  additives yielding dim ers, spheres or 
fibers. C O PV  is able to  bind cations form ing a 2 : 1 complex in 
the case o f Na+ in a  negative cooperative process and  a  strong 
sandwich 2 : 2 complex in the case o f K+. W hen C O PV  in the 
presence o f K+ is drop-cast on a silicon substrate, fibers are 
form ed. In  w ater C O PV  acts as a bola-am phiphile and  forms 
stable ellipsoidal aggregates.
O ur studies show th a t crow n ethers are an  interesting class 
o f units for self-assembly. Therefore, a  wide variety o f self­
assembled p-conjugated objects can be created th a t are 
potentially interesting for supram olecular electronics.
Experimental
General methods
1H  N M R  and  13C N M R  spectra were recorded a t room  
tem perature on a V arian 300 or V arian M ercury 400. Chemical 
shifts are given in ppm  (d) relative to  tetram ethylsilane. 
A bbreviations used are s = singlet, d  = doublet, dd = double 
doublet, t  = triplet and  m  = multiplet. Infrared  spectra were 
run  on a  Perkin E lm er 1600 F T -IR  spectrom eter. ESI mass 
spectra were recorded on a Q -T of U ltim a G lobal mass 
spectrom eter (M icrom ass, M anchester U K ) equipped w ith a 
Z -spray source. The samples (3 mL o f a  0.5 m M  solution) were 
injected in the Flow  Injection Analysis (FIA ) m ode. The 
H PLC -grade acetonitrile was pum ped w ith a Shim adzu LC- 
10ADvp pum p a t a flow rate o f 30 mL m in_1. E lectrospray 
ionization was achieved in the positive m ode by applying 5 kV 
on the needle. The source block and  the desolvation gas were 
heated to  60 °C. M A L D I-T O F MS spectra were m easured on 
a  Perspective D E  V oyager spectrom eter utilising an  a-cyano-4- 
hydroxycinnam ic acid m atrix. Elem ental analyses were carried 
ou t on a  Perkin E lm er 2400. UV-vis and  fluorescence spectra 
were perform ed on a  Perkin E lm er L am bda 40 spectro­
photom eter and  Perkin E lm er LS-50 B. CD spectra were 
recorded on a  JASCO J-600 spectropolarim eter. S tatic light 
scattering m easurem ents were perform ed w ith a  com puterized 
hom em ade goniom eter, in the angular range o f 36 to 
100 degrees. The scattering intensity was m easured using a 
single m ode optical fiber w ith a collim ating lens in com bina­
tion  w ith an  A LV /SO -SIPD  single pho ton  detector. For 
dynam ic light scattering the intensity signal was sent to  an 
ALV5000/E digital correlator, using an  acquisition time o f 
300 s for each angle. A F M  images were recorded on 
silicon wafers w ith a  M ultim ode IIIa , operating under 
am bient conditions in tapping m ode. M icrofabricated 
silicon cantilevers (FESP) were used w ith a spring constant 
o f 1-5 N  m _1.
M aterials
4-C hlorom ethylbenzo-15-crow n-527 1 and  (E,E)-1,4-bis{4-for- 
myl-2,5-bis[(S)-2-methylbutoxy]styryl}-2,5-bis[(S)-2-methylbu- 
toxy]benzene 328 were synthesised according to  literature 
procedures. All solvents were o f A R  quality and  chemicals 
were used as received. BioBeads SX-3 was obtained from 
Bio-Rad.
4-Diethylphosphonatebenzo-15-crown-5 (2)
A  m ixture o f triethyl phosphite (4.15 g, 25 m m ol) and 
4-chlorom ethylbenzo-15-crow n-5 (1, 1.2 g, 3.79 m m ol) was 
stirred a t 160 °C for 12 h. D uring this time, ethyl chloride was 
distilled off from  the reaction m ixture. Subsequently, the 
m ixture was cooled to  70 °C and  the excess o f triethyl 
phosphite was distilled off under reduced pressure. The 
product was used w ithout fu rther purification (1.42 g, 99%). 
1H  N M R  dH (300 M H z, C D C l3): 1.29 (t, 6H, C H 3), 3.13 (d, 
2H , PC H 2), 3.81 (s, 8H , O C H 2), 3.96 (m, 4H , O C H 2), 4.06 (m, 
4H, O C H 2), 4.19 (m, 4H, O C H 2), 6.86 (s, 2H , A rH ), 6.92 (s, 
1H, ArH).
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(£ ,£',£',£)-1,4-Bis{4-[(15-crown-5)styryl]-2,5-bis[(S)-2-methyl- 
butoxy]styryl}-2,5-bis[(S)-2-methylbutoxy]benzene (C O PV )
U nder argon atm osphere, phosphonate 2 (0.83 g, 2.1 mmol) 
was dissolved in 20 m L  anhydrous D M F  and  potassium  
tert-butoxide (0.8 g, 6.3 m m ol) was added. A fter 15 minutes, 
a  solution o f dialdehyde 3 (0.59 g, 0.69 m m ol) in 15 m L  T H F  
was added dropwise to  the reaction mixture. The solution 
was stirred overnight a t room  tem perature. H Cl (6 M; 
250 m L) was added and  the aqueous layer was extracted 
three times w ith dichlorom ethane. The collected organic 
layers were w ashed w ith H C l (3 M ) and  subsequently w ith 
dem ineralised w ater and  dried over M gSO 4 , filtered and 
evaporated  to  dryness. The crude m ixture was first purified 
by Bio-Beads colum n chrom atography (C H 2 Cl2 ), subsequently 
by a  silica gel colum n (C H 2Cl2-e th an o l 98 : 2) and  finally 
again by a Bio-Beads colum n. Precipitation in m ethanol 
o f 0 °C yielded pure C O PV  (0.11 g, 12%). M p = 221 °C; 
*H N M R  dH (300 M H z, C D C l3): 1.06 (t, 18H, C H 3), 1.18 (m, 
18H, C H 3), 1.44 (m, 6H, C H 2), 1.73 (m, 6H, C H 2), 2.05 (m, 
6H, C H 2), 3.84 (s, 16H, O C H 2), 3.92 (m, 8H, O C H 2), 3.98 
(m, 12H, O C H 2 ), 4.23 (t, 4H , O C H 2 ), 4.28 (t, 4H , O C H 2 ), 6.93 
(d, 2H, J  8.2 Hz, C H =C H ), 7.13 (d, 2H, J  8.8 H z, CH =CH ), 
7.14 (d, 2H, J  16.8 Hz, C H =CH ), 7.18 (s, 4H , A rH ), 7.28 (s, 
4H , A rH ), 7.42 (d, 2H, J  16.5 H z, C H =CH ), 7.51 (s, 4H , A rH). 
13C N M R  dC (400 M H z, C D C l3): 11.39, 11.49, 11.52, 11.57, 
16.87, 16.90, 26.24, 26.42, 35.05, 35.18, 69.05, 69.08, 69.62, 
69.66, 70.54, 71.14, 74.19, 74.27, 74.49, 77.26, 109.85, 109.97, 
110.59, 111.71, 114.03, 120.33, 121.86, 122.63, 126.90, 127.36, 
127.45, 128.30, 131.79, 148.91, 149.25, 151.09, 151.13, 151.14; 
M A L D I-T O F MS (M  = 1382.84) m /z = 1382.92 [M]+; IR  
(KBr): v /cm "1 = 668, 751, 799, 852, 933, 963, 1047, 1174, 1138, 
1203, 1214, 1256, 1269, 1306, 1355, 1389, 1421, 1463, 1513, 
1581, 1599, 2873, 2925, 2959, 3019. Elem ental analysis: found: 
C, 72.67; H , 8.46%; C 84H 118O i6 requires C, 72.91; H , 8.59%.
Sample preparation in water
The aqueous solutions for optical m easurem ents were 
p repared via a  T H F  injection m ethod. C O PV  was dissolved 
in 50 ml T H F  and  this solution was injected into 5 ml 
dem ineralised w ater. T H F  was rem oved by heating to  80 °C 
for 5 minutes.
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